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Abstract: The cementitious jet grout method (CJG) is one of the most preferred methods for the
ground reinforcement of building foundations. As a result of the soil improvement made with the
CJG, it was observed that there was a decrease in settlement, permeability, and liquefaction potential
and an increase in the bearing capacity. In this study, columns with different grouting pressures
(400, 450, and 500 bar) and water/cement ratios of 0.75, 1.00, and 1.25 were produced on several soil
types (sand, clay, and alluvial soil) that have high liquefaction, settlement potential, and low bearing
capacity. CJG columns were kept for 28 days after completion and then removed from the soil, and
diameter measurements were made and significant differences were observed according to pressure
and w/c ratios. Three samples were taken in CJG columns extracted from the ground. Laboratory
tests were conducted to determine the physical (water absorption rate, density, and porosity) and
mechanical (UCS and UPV) properties of CJG column samples. The highlighting of this paper is
to build full-scale CJG columns in sandy soil, clay soil, and alluvial soil, increase the geotechnical
engineering properties, and investigate the strength development, and diameter under different
w/c ratios and different injection pressures. The strength of CJG columns in sandy soils was found
between 36 and 15 MPa, in clay soils between 15 and 4 MPa and in alluvial soils between 32 and
15 MPa. Moreover, it was observed that there was a significant increase in the diameters with the
increase in the injection pressure and a decrease in the compressive strengths. When the CJG column
diameters were compared with constant injection pressure and increasing w/c ratios, the maximum
increase was found to be 13% for sandy soils, 10% for clayey soils, and 14% for alluvial soils. The
column diameters were 37% larger for sandy soils than clayey soils and 26% larger than alluvial soils
at the same w/c ratio and constant injection pressure. In conclusion, since the results found in this
study were made on a real scale in the field and for three different soil conditions, the results can be
used directly in future engineering applications.

Keywords: soil improvement; cementitious jet grout application; grouting pressure; column diameter;
unconfined compression test

1. Introduction

If the soil properties are insufficient according to the soil bearing capacity, liquefaction,
permeability, settlement, or stability criteria, deep foundation system application or soil
improvement is required. There are several soil improvement methods. Soil properties are
important when selecting one of them. In addition, it is necessary to specify which soft soil
properties should be improved [1,2]. By selecting a suitable method according to the soil
parameters, improving the soil and as a result, the bearing capacity increases, settlements
and impermeability decrease, and liquefaction resistance increases [3–9].

With the development of technology, the jet grout method, which is a soil improve-
ment method, has become an effective method for solving many geotechnical engineering
problems. The CJG method was first introduced in England in the 1950s and used in Japan
for geotechnical engineering purposes [10,11]. The jet grout method is a specialized ground
improvement and foundation construction technique used in geotechnical engineering and
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construction. It is employed to create soil columns or barriers in the ground by injecting
high-pressure grout (a mixture of cement, water, and sometimes other additives) into the
soil. The CJG method comprises two stages: drilling and injection. This method aims to
increase the mechanical strength of the soil. Therefore, the bearing capacity and modulus of
elasticity of the soil increased and its permeability decreased. With the jet grouting method,
it is possible to improve very wide and different types of soils with different properties,
such as clay or sand–gravel soils [12–16].

This CJG method is accomplished using a high-energy grout jet that breaks up the
ground. In this way, it is ensured that the soil/cement mixture (soilcrete) column, which
is defined as the jet grout column, is in a better condition in terms of tension, durabil-
ity, compression, and permeability compared to the condition of the ground before the
improvement. The dimensions of the columns you want to create depend on the charac-
teristics of the soil types, as well as depending on, nozzle diameter and quantity (jetting
types), cementitious grout flow, cementitious grout pressure, lifting speed, and rotating
speed [17–20].

There are generally three primary types of jet grouting techniques or methods, each
with a specific application and purpose. Single-fluid jet grouting: In this method, a single
fluid (typically a mixture of cement, water, and sometimes additives) is injected into the
ground at high pressure through a single nozzle. Single fluid jet grouting is commonly
used for creating soil/cement columns or barriers to improve soil properties, stabilize
foundations, or control groundwater. Double-fluid jet grouting involves the simultaneous
injection of two fluids: a high-velocity stream of grout (typically cement and water) and
a low-velocity stream of air or water. Two fluids are combined at the nozzle, and this
method is often used when greater control over the grout mixture and column dimensions
is required. It is suitable for creating more precise columns and barriers in challenging
soil conditions. Triple-fluid jet grouting adds a third fluid to the mix, which is usually
a lubricating fluid, such as air or water. This method is used to achieve even greater
precision and control over the jet grouting process, allowing for the creation of very fine,
high-strength columns or barriers. It is particularly useful in sensitive or complex projects,
where precise engineering is required [17–22].

Grout pressure is one of the most effective parameters for forming the desired column
diameter, and there is a relationship between injection pressure and column diameter.
As the pressure increased, the column diameter also increased. However, to obtain a
homogeneous column of the desired diameter, the pressure value is required, but this alone
is not sufficient. Because other parameters, such as tensile and rotational speeds, are also
related to time, the formation of columns of the same diameter and homogeneity is also
associated with the time factor [19–23].

When looking at the literature, it can be seen that CJG has been extensively studied
a lot in the laboratory. In the studies, it has been tried to improve the strength properties
with different materials. The effects of curing time, cement type, soil density, and chemical
reactions on soil strength were determined primarily using strength tests such as unconfined
pressure tests in laboratory conditions [17–24].

Çınar et al. [17] conducted an experimental study in the laboratory to investigate the
effect of waste marble powder on the fluidity and rheological properties of cement-based
grout mixtures. In addition, clay was added to the mixtures, and the determination of
the effect on the strength properties was attempted in the laboratory. Similarly, Çelik and
Akçuru [18] investigated the fluidity and rheological properties of grout mixtures by adding
bottom ash in laboratory experiments. Seiphoori and Zamanian [19] and Nagaraju et al. [20]
study created permeation grout mixtures by creating mixtures to affect the properties of
clays for soil stabilization. The results suggest the application of clay nanoparticle solutions
for a more economical and environmentally friendly grouting approach compared to
cement, which likely results in the formation of chemically more stable interparticle bonds.
Çanakcı et al. [24] conducted experiments using glass fiber in the laboratory for the deep
mixing method, which is a different improvement method. They concluded that the
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optimum glass fiber percentage is 3% to investigate better strength performance after
28 days of curing of the specimens for all clay contents. During the 7th and 14th day of
curing periods, it was observed that the strength performance generally increased with the
increase in glass powder, and the strength also increased with the increase in the sand ratio
in the clay content.

The literature has also shown that full-scale samples’ strength properties are much
lower than laboratory samples. Also, the actual construction situation and common un-
knowns are not presented in the laboratory. Therefore, it is necessary to create real CJG
columns in the field and look at their properties. The most important goal of this study is
to produce real scale CJG columns in different soil types and different water/cement ratios.

Looking at the literature, there are limited real-scale studies. Hasan and Çanakcı [25]
constructed seven full-scale jet grouting columns in clayey soil with different pressure
injections (300 to 400 bar), jet grouting rotations (25, 35, 45 rpm), and w/c ratio of 1. These
parameters were used to study the geomechanical properties of jet grout, such as strength
properties (UCS) and jet grout–soil surface friction. The average strength variation for
pressure and rotation was 38% and 9%, respectively. The maximum surface friction angles
were 19

◦
and 18

◦
. During the investigation of the diameter and length parameters of the

jet grout, it was concluded that in previous studies the length and diameter of the jet
grout were indicated as the main important factors in the geometry of the grout column
about the prediction approaches [23,24]. It is not difficult to check the length of the grout
column because it can be justified using drill rods. Therefore, controlling and measuring
the jet grout diameter has been considered as the main part in jet grouting methods, so
Hasan and Çanakcı [25] presented the measurement and estimation of the diameter of the
grout column and the clarification of the parameters that influence the size of the diameter.
However, it has been observed that there are no studies in the literature at high pressures
(400, 450, and 500), different water/cement ratios (0.75, 1.00, and 1.25), and three different
soil types (sand, clay, and alluvial soil).

Within the scope of this study, specially designed CJG columns were manufactured
at three different construction sites in Kahramanmaraş province, which is located in the
first earthquake zone of Turkey. This site work understanding of geomechanical properties
of full-scale CJG columns during injecting in sandy soil, clayey soil, and alluvial soil.
Furthermore, this study investigated the effect of CJG on the strength values of the columns
of CJG at different w/c ratios, different grouting pressures, and different soil types, and
the diameter variations of CJG columns and revealed the lack of knowledge in this field.
Therefore, the innovation of this paper is to build CJG columns in sandy soil, clay soil,
and alluvial soil, increase the geotechnical engineering properties, and investigate the
strength development and diameter under different w/c ratios and different injection
pressure. Different water/cement ratios are considered as important parameters to show
the significant effect of the CJG column during grouting in three different ground conditions.
In conclusion, since the results found in this study were obtained on a real scale in the
field and for three different soil conditions, the results can be used directly in future
engineering applications.

2. Materials and Methods
2.1. Material

The locations used in this study were specifically 3 locations with different soil types.
The locations of these places in Kahramanmaraş are 37◦35′29.7′′ N 36◦50′11.6′′ E Onikişu-
bat providence, 37◦34′56.2′′ N 37◦8′49.9′′ E Dulkadiroğlu providence, and 37◦22′34.0′′ N
36◦50′24.9′′ E Türkoğlu district. Figure 1 shows their locations on the map. Furthermore,
soil properties were obtained according to the requirements of the ASTM standard. Ac-
cording to the Unified Soil Classification System (USCS) [26,27], the soil in location 1 was
determined as sandy soil (SW), in location 2 as clayey soil (CL), and location 3 as alluvial
soil (SC). Soil samples were tested to determine their physical and chemical properties at
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Kahramanmaraş Sütçü İmam University Civil Engineering Department Soil Mechanics
Laboratory. All soil properties according to soil tests are detailed in Table 1.
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Figure 1. Points in Kahramanmaraş city where samples were taken and CJG columns were produced.

Table 1. Soil properties.

Sand Clay Alluvial

Water Content (%) 15.5 25 13.7
Specific gravity 2.65 2.3 2.63
Liquid limit (%) 40 47 38
Plastic limit (%) 23 25 24
Plastic Index (%) 17 22 14
Soil classification SW CL SC
Maximum dry density (g/cm3) 1.5 1.6 1.8

The full-scale CJG column was constructed on site with water/cement ratios of 0.75,
1.00, and 1.25 to analyze the geomechanics and variation of CJG diameter in different soils.
In the literature, it is known that a w/c ratio of 0.75 and above is used especially for clay
and sandy soils [15,17,20]. Additionally, the Portland cement used in this study is Portland
cement (PC) type CEM I-42.5R according to ASTM C150 [28], and the chemical and physical
properties of PC are given detailed in Table 2.

2.2. Method
2.2.1. CJG Column Preparation and Sample Collection

CJG columns with 400, 450, and 500 bar grouting pressures and water/cement ratios
of 0.75, 1.00, and 1.25 were produced on sandy soil, clayey soil, and alluvial soil. For each
w/c ratio and grout pressure, 3 m columns were produced. During the preparation of CJG
columns, the pullout speed and rotation speed were kept constant (Table 3). In addition,
in the case study, the jet grouting method was chosen as the double-fluid method. This
method was described in detail in the introduction.
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Table 2. Chemical and physical properties of PC.

Chemical Analysis (%) Portland Cement (PC)

CaO 65.4
SiO2 14.5
Al2O3 5.58
Fe2O3 7.7
Na2O 0.22
MgO 2.1
SO3 3.5
K2O 0.92
Physical properties
Specific gravity (g/cm3) 3.16
Specific surface area (Blaine) (cm2/g) 3650
Loss on Ignition (%) 1.86

Table 3. Material and soil types information from CJG column.

Location Sample Name Soil Types Pressure
(Bar) w/c Pullout Speed

(cm/min)
Rotational Speed
(rpm)

1 S-CJG400-0.75 Sand 400 0.75 30 15
1 S-CJG450-0.75 Sand 450 0.75 30 15
1 S-CJG500-0.75 Sand 500 0.75 30 15
1 S-CJG400-1.00 Sand 400 1.00 30 15
1 S-CJG450-1.00 Sand 450 1.00 30 15
1 S-CJG500-1.00 Sand 500 1.00 30 15
1 S-CJG400-1.25 Sand 400 1.25 30 15
1 S-CJG450-1.25 Sand 450 1.25 30 15
1 S-CJG500-1.25 Sand 500 1.25 30 15

2 C-CJG400-0.75 Clay 400 0.75 30 15
2 C-CJG450-0.75 Clay 450 0.75 30 15
2 C-CJG500-0.75 Clay 500 0.75 30 15
2 C-CJG400-1.00 Clay 400 1.00 30 15
2 C-CJG450-1.00 Clay 450 1.00 30 15
2 C-CJG500-1.00 Clay 500 1.00 30 15
2 C-CJG400-1.25 Clay 400 1.25 30 15
2 C-CJG450-1.25 Clay 450 1.25 30 15
2 C-CJG500-1.25 Clay 500 1.25 30 15

3 AL-CJG400-0.75 Alluvial Soil 400 0.75 30 15
3 AL-CJG450-0.75 Alluvial Soil 450 0.75 30 15
3 AL-CJG500-0.75 Alluvial Soil 500 0.75 30 15
3 AL-CJG400-1.00 Alluvial Soil 400 1.00 30 15
3 AL-CJG450-1.00 Alluvial Soil 450 1.00 30 15
3 AL-CJG500-1.00 Alluvial Soil 500 1.00 30 15
3 AL-CJG400-1.25 Alluvial Soil 400 1.25 30 15
3 AL-CJG450-1.25 Alluvial Soil 450 1.25 30 15
3 AL-CJG500-1.25 Alluvial Soil 500 1.25 30 15

After CJG columns were prepared in 3 different soil types, they were kept for 28 days
to take samples. At the end of 28 days, the CGJ columns were excavated and removed from
the site (Figure 2). Each CJG column is 3 m long. Three samples were taken from each CJG
column: one in the middle, one on the left, and one on the right, from depths of 1.5 m.
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Figure 2. CJG column was prepared in the field and removed after 28 days and a Schematic represen-
tation of the sampling points.

The test samples were named in 3 different soil types, sandy, clayey, and alluvial
soil, at different pressures such as 400, 450, and 500 bar, and w/c ratios of 0.75, 1.00, and
1.25; the labelling is such that, for example, S-CJG400-0.75 indicates CJG cementitious jet
grout specimen, S soil type, 400 bar pressure injection, and 0.75 w/c ratio of jet grout, as
detailed in Table 3. In addition, three samples were taken at the same depth of each column:
right side, left side, and middle side. Nomenclature is the following: S-CJG400-0.75 RS,
S-CJG400-0.75 LS, S-CJG400-0.75 MS.

2.2.2. Test Techniques

After 28 days of CJG manufacturing, samples were taken from all columns and brought
to the Kahramanmaraş Sütçü İmam University laboratory (Figure 3). All samples were
applied to mechanical tests to examine the mechanical and physical properties of the CJG
column. Mechanical tests are unconfined compressive tests (UCS) and ultrasonic pulse
velocity (UPV), and physical tests are water absorption, density, and porosity.
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UCS is a type of laboratory test used in geotechnical engineering and soil mechanics
to determine the unconfined compressive strength of a soil or rock material. This test is
primarily used to assess the load-bearing capacity of soils and rocks under axial compres-
sion. The strength properties of CJG columns formed in 3 different soil types, different w/c
ratios, and different pressures were found according to ASTM D2166 standards [29].

An ultrasonic pulse velocity test, often referred to simply as an ultrasonic test (UT), is
a non-destructive testing (NDT) technique used to determine the velocity of sound waves
through a material. This test is typically used for assessing the integrity and properties
of materials, including metals, plastics, ceramics, concrete, and grout. The ultrasonic
velocity test is often combined with other techniques and measurements, including the
measurement of velocity, to gather valuable information about the material being tested.
The UPV test can detect the presence of voids or delimitation within the jet grout columns.
Voids or incomplete grout distribution can weaken the columns and compromise their
load-bearing capacity. The test helps locate such issues so that corrective measures can be
taken. The UPV test provides information about the uniformity of the grout distribution
within the columns. Variations in grout density or inconsistencies in grout mixing can lead
to non-uniform columns, which may not perform as intended. Detecting these variations
helps ensure that the columns are constructed according to design specifications. In this
work, UPV testing was performed for CJG column samples after 28 days of curing in the
field according to ASTM C597-16 [30] requirements. A pulse generator sends a short burst
of high-frequency ultrasound waves (typically in the megahertz range) into the material.
One transducer emits the pulse, and the other receives it.

Water absorption, density, and porosity tests for jet grout are important for several
reasons, as they provide valuable information about the properties, quality, and durability
of the jet grout material and columns. The results of these tests can guide engineers
in optimizing the mix design of the grout. For instance, knowing the water absorption
capacity can help determine the right water/cement ratio to achieve the desired strength
and durability. Density and porosity measurements can also inform mix design adjustments.
The density and porosity of jet grout columns are directly related to their structural integrity.
Higher density and lower porosity typically result in stronger, more stable columns capable
of bearing the required loads. An increase in porosity or a decrease in density may indicate
the presence of voids or areas of incomplete grout distribution within the columns. These
voids can compromise the columns’ load-bearing capacity and stability. Detecting them
early is crucial for addressing potential issues [25]. Water absorption, density, and porosity
tests were performed according to ASTM C20-00 standards [31] to determine the physical
properties of the samples brought from the field.
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3. Results and Discussion

In this study, the mechanical properties and physical properties of CJG columns
formed in different soil types, different w/c ratios, and different injection pressures, and
the changes in column diameters in different cases are discussed, respectively.

3.1. The Mechanical Properties of CJG Columns

The mechanical properties of CJG columns are critically important because they
directly impact the performance and effectiveness of jet grouting as a ground improvement
or foundation support technique. Understanding and controlling these properties are
essential for ensuring the stability, load-bearing capacity, and durability of structures that
rely on jet grout columns. In the literature, it can be seen that studies have been carried out
for some soil types to determine the strength of jet grouts [25,32]. Parameters that directly
affect the strength of CJG columns are injection speed, water/cement ratio, pullout speed,
and soil types.

In this study, the 28-day compressive strength of CJG columns in different soil types,
different injection pressures, and different w/c ratios was examined and are shown in
Figure 4a–c. Considering other studies in the literature, only the 28-day strength was
examined in this study, since the curing time does not have much effect on strength after
28 days. It is shown in Figure 5a. When looking at the UCS test results, it was generally
found that the columns formed in sandy soils were in the range of 15 to 36 MPa; for
the columns formed in clayey soils, it was 4 to 15 MPa; and for the alluvial soil, it was
15–32 MPa. In previous studies, it was found that the range of 10–30 MPa was found for
coarse-grained soils and 1.5–15 MPa for fine-grained soils [23–25,32].

Regardless of soil type, soilcrete strengths appear to decrease as injection pressure
increases. In addition, since the grout mixture can penetrate better in coarse-grained soils,
its compressive strength is higher than in fine-grained soils. Considering the results of CJG
columns samples with a w/c ratio of 1 and an injection pressure of 400 bar, the strength
for the center sample was found to be 32 MPa in sandy soil, 29 MPa in Alluvial soil, and
12 MPa in clayey soil.

The water/cement ratio is of great importance in the compressive strength of CJG
columns. In Figure 4, it is seen that as the w/c ratio increases, soilcrete strength decreases in
all soil types. Increasing the w/c ratio may benefit fluidity and pumpability, but it has been
shown to seriously affect the strength of soilcrete. Similar results were found in studies in
the literature and are shown in Figure 5b.

In addition, samples were taken in the middle, right, and left due to the rotation effect
of CJG columns and their results were found. According to soil types, the highest value
was always found in the middle sample. Because the cementitious grout mixed with the
soil in the ground negatively affected its strength for left and right side samples. For sandy
soils, the samples taken from the right and left were determined to be closer to the middle
sample value.

The ultrasonic pulse velocity (UPV) test is important for jet grout columns for several
reasons, as it provides valuable information about the quality, integrity, and properties of
these columns. The UPV test can offer insights into the long-term durability of jet grout
columns. It can help assess the potential for degradation due to factors like freeze–thaw
cycles or chemical exposure, which can impact the velocity of sound waves through the
material. Unlike destructive testing methods that require core samples, the UPV test is non-
destructive, meaning it does not damage the jet grout columns. This is especially important
when the columns are intended to provide foundation support or ground improvement for
structures [25,32,33].
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Figure 4. CJG column compressive strength values according to different soil types, different w/c
ratios, and different injection pressures: (a) sandy soil; (b) clayey soil; (c) alluvial soil.
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Figure 5. Variation in UCS with (a) time and (b) cement rate for different soil types [32].

According to the UPV test results in this study, the maximum value on sandy soils was
found to be 3650 m/s and the minimum value was 2950 m/s. Also, it was found between
2480 m/s and 1650 m/s for clayey soils and between 3420 m/s and 2750 m/s for alluvial
soils. Figure 6 shows the results for three soil types and different injection pressures and
different w/c ratios. According to the UPV test results stated in the literature; those above
5000 m/s are defined as very high speed, those between 4000 and 5000 m/s as high speed,
those between 3500 and 4000 m/s as medium speed, those between 2500 and 3500 m/s as
low speed, and those less than 2500 m/s as very low speed [25,32,33]. According to the
specified values, S-CJG400-0.75, S-CJG450-0.75, and S-CJG400-1.00 samples were found
to have medium speed in sandy soil, while other sandy soil samples were found to have
low speed. The result of UPV tests performed on CJG columns produced in clay soil was
determined as very low velocity since it was less than 2500 m/s. According to the test
results of CJG columns produced in alluvial soils, the UPV test result was found to be
low velocity since it was between 2500 and 3500 m/s. The elastic modulus values of the
CJG columns found according to the UPV test results are 0.086–0.102 MPa for sandy soils,
0.051–0.068 MPa for clayey soils, and 0.078–0.097 MPa for alluvial soils.
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Figure 6. UPV test results of CJG column: (a) sandy soil; (b) clayey soil; (c) alluvial soil.
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When analyzed according to soil types, the UPV test results were the highest for sandy
soils, followed by alluvial soils and finally clayey soils, where the sandy soil formed a
more compact and homogeneous CJG column. Also, increasing the w/c ratio and injection
pressure decreased the UPV test results. Because the increase in the w/c ratio increased
the fluidization, it allowed more soil particles to enter the CJG columns. Similarly, UPV
test results decreased with increasing injection pressure as the CJG column of soil particles
increased. In addition, the modulus of elasticity of the CBJ column formed in sandy
soils was higher. This is because the elasticity value increases as the strength property
increases [25,32].

In summary, the mechanical properties (UCS and UPV tests) of jet grout columns
are pivotal in determining the effectiveness and reliability of this ground improvement
technique. These properties influence the structural performance, stability, and safety of
foundations and other structures. Therefore, precise control and measurement of these
properties are crucial in geotechnical engineering and construction projects where jet
grouting is employed.

3.2. The Physical Properties of CJG Columns

Density, water absorption, and porosity tests provide insights into the durability of
jet grout columns. High water absorption or porosity can indicate that the grout material
is susceptible to moisture infiltration, which may lead to deterioration over time. Lower-
density grout may also be more prone to freeze–thaw damage in cold climates. The density
and porosity of jet grout columns are directly related to their structural integrity. Higher
density and lower porosity typically result in stronger, more stable columns capable of
bearing the required loads. All experiments performed in this section are according to the
standard [34–36].

In this study, it was observed that CJG columns in sandy soil had the highest density.
The highest density value was found to be 1.75 g/cm3 and the lowest value was 1.58 g/cm3.
The highest and lowest densities of alluvial and clay soils were found to be 1.62–1.40 g/cm3

and 1.32–1.03 g/cm3, respectively. Figure 7 shows the results for the three soil types. The
highest value was found because the CJG columns formed in sandy soils have a more
homogeneous structure.

In addition, the densities of the three soil types decreased significantly as the w/c ratio
increased and the grouting pressure increased. Similarly, when samples from the middle,
right, and left of the CJG columns were analyzed, the samples in the middle were generally
found to have the highest density. This is because there are fewer soil particles in the center
than in the right and left sides. Although there are no results for different w/c ratios in
the literature, close values were found for different injection pressures and different soil
types [25,35].

Water absorption tests were performed according to ASTM D6473-15 [37] standard.
As the amount of soil particles inside the CJG columns increases, the water absorption
potential increases. As seen in Figure 8, it is observed that the water absorption rate
increases with the increase in w/c ratio and injection pressure for all soil types.

The maximum and minimum water absorption of CJG columns formed in sandy soils
were found to be 49% and 25%. The maximum–minimum values for alluvial and clayey
soils were found to be 48–29% and 57–38%, respectively. In general, the water absorption
of the samples taken from the center of the CJG columns is lower than the water absorption
of the samples taken from the right and left sides. This is because the soil grains mix more
on the outer surface during the formation of the CJG column [25].

Porosity is a measure of the amount of open space or voids that exist within the jet
grout columns. High porosity can indicate that the grout columns can be susceptible to
moisture infiltration, which can lead to degradation over time. The porosity test helps assess
the potential for long-term durability and resistance to environmental factors, including
freeze–thaw cycles and chemical exposure.
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The results of all porosity experiments performed are shown in Figure 9. Especially
if there are fine-grained soils in the region where CJG columns are manufactured, the
porosity is observed much more than coarse-grained soils. According to the test results,
the porosity was found to be 28–50% in sandy soils, 47–61% in clay soils and 32–49% in
alluvial soils. In all three soil types, it was observed that as the w/c ratio increased and
the injection pressure increased, the porosity increased. Past studies have found a similar
range of results for different soil types [25,38].
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Figure 7. CJG column density changes according to (a) sandy soil; (b) clayey soil; (c) alluvial soil.
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Figure 8. CJG column water absorption changes according to (a) sandy soil; (b) clayey soil; (c) allu-
vial soil.
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Figure 9. CJG column porosity changes according to (a) sandy soil; (b) clayey soil; (c) alluvial soil.
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3.3. Determination of Diameters of CJG Columns for Different Situations

In geotechnical engineering, jet grout columns are employed to improve ground
conditions for various purposes, such as reducing settlement, increasing bearing capacity,
or mitigating liquefaction risks. The diameter is a crucial design parameter that determines
the effectiveness of the ground improvement. The diameter of jet grout columns directly
affects their load-bearing capacity. Larger-diameter columns generally have a greater
capacity to support vertical and lateral loads. Engineers carefully consider the required
load-bearing capacity when determining the diameter to ensure that the columns can safely
support the intended structural loads.

In this study, CJG columns were formed in different soil types (sandy, clayey, and
alluvial soil), using different w/c ratios (0.75; 1.00 and 1.25) and different injection pres-
sures(400, 450 and 500). The CJG columns were kept in the field for 28 days and then
excavated and the diameters of the columns were measured. The diameter results are
shown in Figure 10. The results show that the column diameters are in the range of
88–110 cm in sandy soils, 51–73 cm in clayey soils, and 62–89 cm in alluvial soils. When
the results are analyzed in detail, it is seen that the column diameters increase with the
same injection pressure and with the increase in w/c ratios. The reason for the w/c ratio
increases, the grout becomes more fluid and its pumpability increases [15,17,20,25]. More-
over, column diameters increase as the injection pressure increases. Also, the CJG column
diameters were compared with constant injection pressure and increasing w/c ratios, and
the maximum increase was found to be 13% for sandy soils, 10% for clayey soils, and 14%
for alluvial soils. The column diameters were 37% larger for sandy soils than clayey soils
and 26% larger than alluvial soils at the same w/c ratio and a constant injection pressure.
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Figure 10. Average diameter of CJG columns.

Also, an analysis of variance (ANOVA) was used to find out the variation in the
relation between the average diameters of CJG columns and UCS test results for sandy
soil, clayey soil, and alluvial soil. Statistical analysis was performed, and the models that
have p levels less than and equal to 0.05 were accepted as significant models. R-squared
usually ranges from 0 to 1 and indicates how well the regression model fits. There is no
specific accepted threshold for R-square to determine the significance of regression analysis
results. However, high R-squared values indicate that the model fits the data well and can
explain a large proportion of the variance of the dependent variable [36,39]. Also, the result
of analysis of variance (ANOVA) presented in Table 4 shows the average diameters of CJG
columns had significant effect on and UCS test results of p value <0.05 level of significance
for all soil types. It is also seen that the highest R2 values are in clay and alluvial soil
samples. These are 0.803 and 0.899, respectively.
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Table 4. ANOVA result between average diameters of CJG columns and UCS test results for sandy
soil, clayey soil, and alluvial soil.

SS df MS F pvalue FTabulated R2

Sandy soil
Between groups 137.398 1 137.398 19.789 0.00024 0.00297
Within groups 48.601 7 6.943
Total 186 8 0.739

Clayey soil
Between groups 41.778 1 41.778 28.611 <0.0001 0.00107
Within groups 10.222 7 1.460
Total 52 8 0.803

Alluvial soil
Between groups 112.320 1 112.320 62.555 <0.0001 0.00000172
Within groups 12.569 7 1.796
Total 124.889 8 0.899

Figure 11 shows the relationship between average diameters of CJG columns and UCS
test results. According to the test results obtained, there is a strong correlation between
the diameters of CJG columns produced especially in clayey and alluvial soils and UCS
test results.
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Figure 11. Relationship between average diameters of CJG columns and UCS test results for sandy
soil, clayey soil, and alluvial soil.

4. Conclusions

Nowadays, ground improvement with the jet grouting method is widely used. So far,
there have not been many studies on the physical and mechanical properties of different
soil types at different w/c ratios and different grouting pressures. This is thought to be
because it is difficult to make in the field and then transport the columns created to the
laboratory. In this study, CJG columns were produced in three different soil types (sandy
soil, clay soil, and alluvial soil), three different w/c ratios (0.75, 1.00, and 1.25), and three
different injection pressures (400, 450, and 500 bar). Samples were taken from each of the
CJG columns from the middle, right, and left sides of the column. The physical (density,
water absorption, and porosity tests) and mechanical properties (UCS and UPV tests) of
the samples were analyzed and the following results were obtained:
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1. The strength of CJG columns in sandy soils was found between 36 and 15 MPa,
between 15 and 4 MPa in clay soils, and between 32 and 15 MPa in alluvial soils. In
this study, it was observed that the compressive strength of CJG columns decreased
with increasing w/c ratios and increasing injection pressure. As the injection pressure
increased, the compressive strength of the CJG columns decreased as more of the
surrounding soil was enclosed. Sandy soils had high compressive strength as they
formed a homogeneous and more solid structure.

2. From the UPV test results in this study, the maximum value on sandy soils was
found to be 3650 m/s and the minimum value was 2950 m/s. Also, the same was
found between 2480 m/s and 1650 m/s for clayey soils and between 3420 m/s and
2750 m/s for alluvial soils. S-CJG400-0.75, S-CJG450-0.75, and S-CJG400-1.00 samples
were found to have medium speed in sandy soil, while other sandy soil samples
were found to have low speed. The result of UPV tests performed on CJG columns
produced in clay soil was determined as very low velocity since it was less than
2500 m/s. According to the test results of CJG columns produced in alluvial soils, the
UPV test result was found to be low velocity since it was between 2500 and 3500 m/s.
The elastic modulus values of the CJG columns found according to the UPV test
results are 0.086–0.102 MPa for sandy soils, 0.051–0.068 MPa for clayey soils, and
0.078–0.097 MPa for alluvial soils. In addition, the modulus of elasticity of the CBJ
column formed in sandy soils was higher. This is because the elasticity value increases
as the strength property increases.

3. CJG columns in sandy soil had the highest density. The highest density value was
found to be 1.75 g/cm3 and the lowest value was 1.58 g/cm3. The highest and
lowest densities of alluvial and clay soils were found to be 1.62–1.40 g/cm3 and
1.32–1.03 g/cm3, respectively.

4. The maximum and minimum water absorption of CJG columns formed in sandy soils
were found to be 49% and 25%. The maximum–minimum values for alluvial and
clayey soils were found to be 48–29% and 57–38%, respectively. In general, the water
absorption of the samples taken from the center of the CJG columns is lower than the
water absorption of the samples taken from the right and left sides.

5. The porosity was found to be 28–50% in sandy soils, 47–61% in clay soils, and 32–49%
in alluvial soils. In all three soil types, it was observed that as the w/c ratio increased
and the injection pressure increased, the porosity increased. Porosity is generally
directly proportional to water absorption and inversely proportional to density. So
the higher the porosity, the greater the water absorption and the lower the density.

6. CJG column diameters were measured in the range of 88–110 cm in sandy soils,
51–73 cm in clay soils, and 62–89 cm in alluvial soils. When the CJG column diame-
ters were compared with constant injection pressure and increasing w/c ratios, the
maximum increase was found to be 13% for sandy soils, 10% for clayey soils, and
14% for alluvial soils. The column diameters were 37% larger for sandy soils than
clayey soils and 26% larger than alluvial soils at the same w/c ratio and constant
injection pressure.

7. The result of analysis of variance (ANOVA) presented p values < 0.05 had significant
effect between average diameters of CJG columns and UCS test results. In addition, it
was observed that the ANOVA R2 value of the CJG column results manufactured in
clayey and alluvial soil was higher and gave more significant results than the results
of the column manufactured in sandy soil.

8. As a result, mixtures with a 0.75 w/c ratio formed in sandy soils gave the best results
in terms of both mechanical and physical properties. For future studies, it would be
useful to select a single soil type and examine its physical and mechanical properties
by manufacturing CJG columns for long curing periods, especially in regions with
high groundwater table.
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